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Abstract

One objective of the MultiResolution Land Characteristics (MRLC) consortium is to map general land-éover categories for the
conterminous United States using Landsat Thematic Mapper (TM) data. Land-cover mapping and classification accuracy assessment are
complete for the jeastern United States. The accuracy assessment was based on photo-interpreted reference data obtained from a stratified
probability sample of pixels. Agreement was defined as 2 match between primary or alternate reference land-cover labels assigned to each
sample pixel and the mode (most common class) of the map’s land-cover labels within a 3 x 3-pixel neighborhood surrounding the sampled
point. At 30-m resolution, overall accuracy was 59.7% at an Anderson Level II thematic detail, and 80.5% at Anderson Level I. © 2001

Elsevier Science Inc. All rights reserved.

1. Introductiod

Information on land cover (and use) supports a broad
range of studies|concerned with characteristics of the earth’s
surface, especially environmental studies and land use
planning. In the United States, Landsat satellite data are
used routinely to map land cover to serve these purposes.
Yet, despite the numerous Landsat-based land-cover map-
ping studies that have been undertaken in this country, the
geographic scope of these studies typically has been limited
to state boundaries or even more local jurisdictions.

Recognizing |a need for remote sensor and derivative
data of national scope, several federal agencies (US
Geological Survey, Environmental Protection Agency,
National Oceanographic and Atmospheric Administration,
US Fish and Wildlife Service, and US Forest Service)
formed the MultiResolution Land Characteristics Consor-
tium (MRLC) to purchase and process Landsat Thematic
Mapper (TM) data (Loveland & Shaw, 1996). One of
MRLC’s activities has been the creation of the National
Land Cover Data (NLCD) set, a land-cover map of the
conterminous United States derived from classified Land-
sat TM data. The data set is complete and is available
through the USGS Earth Resources Observation Systems
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(EROS) Data Center’s homepage at http://edc.usgs.gov/
programs/lccp/natllandcover.html. Thﬁs data set is the first
known national-scope and consistently classified land-
cover data set for the country. Tl}le USGS’s previous
land-use and land-cover data (commonly referred to as
LUDA) were based on early 1970s National High Altitude
Photography (NHAP) using several photointerpreters, and
some areas were never completed (Fegeas, Claire, Guptill,
Anderson, & Hallam, 1983). !

Land-cover classification was agcomplished through
unsupervised clustering (Kelly & ite, 1993) of either
leaves-on or leaves-off images, the majority of which were
acquired during the early 1990s. Resulting spectral clusters
(Vogelmann, Seevers, & Oimoen, 1997) were resolved into
1 of 21 thematic classes using logical modeling and several
ancillary data sources (e.g., census, slbpe/aspect/elevation).
The 21 thematic classes resemble the well-established
Anderson land use/cover classiﬁcatiob system (Anderson,
Hardy, Roach, & Witmer, 1976). Details of the classification
process are discussed in Vogelmann, §Sohl, Campbell, and
Shaw (1998) and Vogelmann, Sohl, and Howard (1998).
Positional accuracies of the geometrically corrected Landsat
TM images utilized in the classification process were on the
order of 1 pixel.

Though land-cover mapping of the conterminous Uni-
ted States is complete, accuracy assessments are continu-
ing, with the eastern United States ha{ving been completed
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Fig.  Accuracy assessed area.

(Fig. 1). This paper provides a condensed report of the
land-cover accuracy assessment results for this region.

2. Methods

The sa#npling design incorporated three layers of strati-
fication and a two-stage cluster sampling protocol. Each
mapping region (New England, New York/New Jersey, mid-
Atlantic, and Southeast) constituted a stratum and was
sampled independently. Within each mapping region, geo-
graphic strata were created using 15" x 15’ or 30’ x 30 grid
cells, depending on the size of the region. Primary sampling
units (PSU) defined by nonoverlapping, interior regions of
aerial photographs were then delineated within these strata.
These PSUs partition each region into nearly equal area
units. A $ingle PSU was selected from each geographic
stratum, with all PSUs having an equal probability of being
selected. This first-stage sampling protocol based on the
geographic strata was designed to enhance the geographic
spread of the sample. The pixels selected within the first-
stage PSUss were then stratified by mapped land-cover class,
and a simple random sample of pixels was selected inde-
pendently |for each land-cover class.

The New York/New Jersey sampling design differed
slightly from the others. In this region, the land-cover class
stratification was implemented only for seven rare classes, and
these sample data were then combined with pixels obtained
from a separate, general design not stratified by land-cover
class (see {Zhu, Yang, Stehman, & Czaplewski, 2000).

Within| each region, the sampling design was equal
probability for pixels within a land-cover class. Pixels from
different land-cover classes had different probabilities of
being included in the sample. Within each mapping region,
stratified sampling formulas were applied to estimate the
error matrix cell proportions (Stehman & Czaplewski, 1998,
pp- 338-340). ’

To obtain the reference classification, each sample
(pixel) of unknown land cover was located on the air photo
by context using a drape of the sample point over a Landsat
TM composite image, and photointerpreting 1:40,000-scale
National Aerial Photography Program (NAPP) black-and-
white or color infrared film paper prints. The majority of
these photographs were acquired during the period 1989
1993. During the assessment, procedures were specified to
insure that the photointerpreters remained unaware of the
Landsat TM classification results. Reference information
(Table 1) collected by the photointerpreters to help interpret
agreement statistics included primary and alternate land-
cover labels, a land-cover heterogeneity score based on the

Table 1

Attribute information collected for interpreting agreement between map and
reference data

Information from reference source

(1) Primary reference label: label-cover label thought to be most correct
by photointerpreter.

(2) Alternate reference label: land-cover label that might also be
considered correct given information in the photograph. An alternate
reference label was not provided if the photointerpreter’s primary
reference label was believed unambiguously evident.

(3) Photointerpreter confidence: nominal ranking of photointerpreter’s
certainty in identifying reference land-cover label. Rank values range
from 1 (not confident) to 4 (very confident).

(4) Relative location: nominal score for location of sample point (pixel):
1=on the edge between two land-cover classes: 2 =homogeneous area
of land cover; and 3 =heterogeneous area of land cover.

5. Date: day. month, and year of photo acquisition.

6. Notes: entries for any other factors that may affect photointerpretation
(e.g., temporal change).

Information from map source

(1) Center: land-cover label of pixel selected as a sample.

(2) Mode: most frequent land-cover label in a 3 x 3-pixel neighborhood
surrounding selected sample point.

(3) Any: list of all land-cover labels in a 3 x 3-pixel neighborhood
surrounding selected sample point. |
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complexity of the landscape in the vicinity of the point, and
a confidence rating of the photointerpreted land-cover label
(Zhu, Yang, Stetman, & Czaplewski, 1999). In this article,
we define agreement as a match between the primary or
alternate refererce land-cover label of the sampled pixel
and a mode land-cover label in a 3 x 3-pixel window
surrounding the sample pixel. Use of both the primary
and alternate lard cover labels in the matching protocol is
analogous to the RIGHT operator developed by Gopal and
Woodcock (199<). The mode refers to a land cover class
that is most prevalent in the 3 x 3 window. If two or more
classes qualify is a mode, then a correct classification
would occur if 2ither the primary or secondary reference

Table 2
Error matrices at Anierson Level II (a) and I (b)

label agreed with one of the mode classes. All sample data
were included in the analyses regardless of photointerpreted
land-cover label confidence rating or land-cover heteroge-
neity scores.

The reported estimates represent an intermediate position
in the range of possible accuracy results available from
using different definitions of agreement. Estimates based on
the primary reference label of the center pixel and using all
samples regardless of photointerpreter confidence and rela-
tive location scores represent the lower end of the range of
results. Such estimates may reflect a ‘conservative bias’
(Verbyla & Hammond, 1995) because of confounding of
true classification error with errors attributable to misregis-

Sample
11 21‘ 22 23 31 32 72 A1 e a2 1 s an ~n - -
i e wae wev wav waz v Ut UW U4s 000 000 010 006 007 002 094 58.140.05 374
21 0.04 18li18 127 255 026 000 027 097 102 134 013 038 028 300 013, 0.19 3002039 350
22 001 138 271 150 009 000 003 004 014 004 000 004 003 027 002 002 672060 308
23 037 197 009 722 097 002 015 026 017 19 002 021 035 115 007, 0.18 1510052 320
31 060 172 000 061 2467 060 001 001 011 005 0.02 718 359 906 0.00 421 5244053 300
32 008 0 000 027 045 243 197 123 001 020 000 142 006 009 005 002 839071 278
33 002 03¢ 000 0.04 007 000 947 120 204 222 018 LIS 060 196 143 036 21.04 055 295
41 057 37 009 066 030 136 100212314 897 2956 213 998 719 507 307 1.01206.890.40 761
42 040 03¢ 021 194 224 000 237 665 87.81 4648 1.66 256 032 1.64 1092 131 166.87 047 367
43 070 1%  0.00 0.09 063 000 547 1518 17.07109.93 L11 3.19 239 334 228 0.19 163.35 033 469
51 0.00 o0t 000 0.00 001 000 003 000 001 000 0.17 000 000 000 000 000 023025 38
81 000 18 018 033 004 000 115 419 153 198 004 1846 2300 220 0.06 002 5551 0.67 354
82 055 106 000 0.78 079 011 154 253 186 196 023 548 2136 355 043 096 43.19 051 429
85 002 14 074 049 002 000 010 018 101 031 000 132 061 987 0.5 001 1630039 287
91 L2l g1- 010 0.07 066 002 439 520 419 865 017 130 141 064 4929 318 80.65039 306
92 152 ¢1¢ 082 0381 165 000 004 030 027 486 008 160 024 086 512 56.86 75.13 024 285
597.06
Total  61.58 347t 622 18.02 3297 454 37.57 161.08 126.69 20948 594 5437 6149 42.78 73.04 69.46 999.97
o 0.10 04 056 0.60 025 046 075 024 031 048 097 066 065 077 033 018
Sample 416 467, 155 372 180 123 287 690 503 561 127 386 460 288 222 273 5511

size

(b) Error matrix at Arderson Level I

20s  30s 40s 80s 90s Total C

11 5151 03¢ 068 048 000 0.16 096 54.09 0.05

20s 1.14 3953 154 532 007 531 062 53.530.26

30s 068 177 4029 521 019 2443 4383 77.40 048

40s 202 918 1835 467.75 467 3430 14.31 550.58 0.15

51 000 000 003 001 016 000 000 020025

80s 0.84 67 362 11.80 048 8559 1.50 110.55 0.23

90s 272 210 581 1602 020  6.83 119.92 153.62 0.22
804.75

Total 5891 5962 70.32 506.59 577 156.62 142.14 999.97

o 0.13 O0R: 043 008 097 045 0.16

Sample 408 994 392 1757 132 1138 490

S1Z¢

Sample
size

5511

Reference land-co or labels form the columns and map land-cover labels form the rows of the error mat.rices. The valfles in. t}Te error matric_es are ll}e
estimated cell area prcoortions times 1000 (e.g., 55.49 is 0.05549) rounded off to two digits beyf)l?d the decimal point. O is omission error (1 'mmus mlaln:l
diagonal entry dividec >v the column total). C is commission error (! minus main diagonal e.ntry divided by the row total). Land c.m./er classes are: \jvate;:u).
low density residentiz’ +21), high density residential (22), commercial/industrial/transportation (23), bare rock/sand/clay (31), mining (32), trarllsu(llongal .an d
deciduous forest (41). zvergreen forest (42), mixed forest (43), shrubland (51). hay and pasture (81), cropland (82), urban grass (85), woody wetland (91).

emergent (herbaceous aetland (92).
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tration or inability to correctly photointerpret a point. Con-
versely, the upper end of the range of accuracy results would
occur when estimates are based on defining agreement as a
match between either the primary or alternate reference label
with any of the 3 x 3 neighborhood map land-cover labels
and usingionly sample pixels possessing high photointerpr-
eter confidence scores (e.g., scores 3 and 4) and homo-
geneous land cover (e.g., relative location score of 2). These
estimates %likely have an ‘optimistic bias’ (Hammond &
Verbyla, 1996) because the sample data are restricted to
areas where land cover is more easily identified and a more
inclusive definition of agreement is applied.

Agreement results for the four mapping regions were
combined| by weighting the error matrix cell proportions
by the proportion of area in the eastem United States
represented by each region. The cell proportions of the
resulting error matrix for the eastern United States have
been expressed as a proportion of area times 1000. For
example, a value of 18.18 reported for the cell in row x
and column y indicates that about 1.8% of the total area
was: estimated to have a map label x and a reference label
y. Sample pixels for which a reference classification was
not obtained due to missing photographs, clouds being
present on the photographs or other problems were treated
as missing at random and accounted for less than 7% of
the sample points.

3. Results

Overall accuracy for the eastern United States was
59.7% at Anderson Level II and 80.5% at Anderson Level
1 (Table 2a and b). As expected, a significant source of
disagreement between map and reference land-cover labels
(approximately 20%) was between classes that aggregate
into a single Anderson Level I class. Another significant
source of disagreement was between the forest and agri-
cultural classes, which accounted for approximately 5% of
the estimated area misclassified. This disagreement may
partially result from the photointerpreters being uncertain as
to the correct location of sample points on the photographs,
especially at those points located near patch boundaries and
not due tp thematic misclassifications. A third signifi-
cant source of disagreement was between the forested
wetland class (91) and the upland forest classes (41, 42,
43). If confusion between these two sets was not consi-
dered disagreement, accuracies at both Levels improved by
about 3%.

At Anderson Level 11, commission errors tended to be
between 30% and 60%. Notably high commission errors
occurred for Class 32 (mining), Class 81 (hay/pasture) and
Class 22 (high density residential). Class 22 was most often
confused with the other urban classes, 21 and 23 (low density
residentiall and commercial/industrial/transportation), while
Class 81 was most often confused with Class 82 (row crops).
Both of th}:se problems were removed at Anderson Level L.

This was not the case, however, with Class 32, which was
most often confused with Class 33 (transitional), in addition
to Classes 81 and 41 (deciduous forest).

Omisston errors showed muinl more variation among the
classes. Classes 33, 51 (shrubland), 81, 82, and 85 (urban
grasses) all had omission errors| greater than 60%. In each
case, the highest sources of confusion were within the Level
I classifications and with the upland forest classes. Class 51
was an anomaly because it Ias mapped only in New

England, and the high commission error may reflect a
difference in interpretation of the class definition between
photointerpreters and map creators.

At Anderson Level I, class-specific commission errors
were approximately 25% or lower except for the 30s class.
Omission errors were low for Classes 11, 40s (upland
forest), and 90s (wetlands), but exceeded 33% for Classes
20s (urban), 30s (barren), and 80s (agriculture). The anom-
alous class 51 results persisted at Level I because no other
50s classes were present to combine with class 51.

4. Discussion

Several rules for defining agreement between map and
reference data may be applied @iven the information col-
lected. Subsequent description of map accuracy for the
eastern United States will include error matrices based on
different definitions of agreement and different subsets of
the data (e.g., subsets defined by photointerpreter confi-
dence ratings as in Zhu et al.,| 2000). Comparing results
across a range of agreement protocols and data subsets
permits evaluation of the reference data quality and a more
thorough investigation of thematic map accuracy (Congal-
ton & Green, 1993; Khorram et al., 1999). Analyses
exploring sources of classification error and their effects
on accuracy results are in progress (Yang, Stehman, Wick-
ham, Smith, & Van Driel, 2000). Accuracy assessment for
the remainder of the conterminous United States is ongoing,
and detailed accuracy results for the conterminous United
States will be reported when complete.
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